Introduction
Photocatalytic hydrogen production from renewables is a promising route for future economies to replace fossil fuels for transportation and chemical manufacturing. The development of an active, scalable and stable photocatalyst remains one of the biggest challenges in modern day catalysis. Many families of semiconductors have been made and tested including oxide semiconductors such as TiO 2 , ZnO, WO 3 , BiVO 4 , [1] [2] [3] [4] sulfide semiconductors such as CdS, ZnS, Mo x S y , [5] [6] [7] and nitride semiconductors such as GaN, InGaN, C 3 N 4 [8] [9] [10] . These semiconductors alone or in mixed forms including solid solutions and abrupt interfaced materials such as layer by layer growth or layer Abstract Both Pd and Au metal particles are used in photocatalytic hydrogen generation. Yet while both act as electron sink only gold is poised to respond to visible light due to its plasmonic response. In order to quantitatively gauge their relative contribution into the reaction, the photocatalytic H 2 production, from Au/TiO 2 and Pd/TiO 2 catalysts was studied under UV and UV-Vis light. While under UV light excitation, a weak dependence on the work function of the metal is observed, under UV-Vis light, Au is found to be twice more active than Pd. Under identical UV-Vis light irradiation, the turn over frequency calculated from XPS at.% is found to be 2.8 and 1.8 s −1 for Au and Pd, respectively. The effect is far more pronounced when the rates are normalized to the number of particles of each metal. Both the semiconductor TiO 2 (UV light) and the plasmonic metal (visible light) need to be excited for the enhancement to occur; visible light alone causes a negligible reaction rate. Photocurrent measurements further confirmed the difference in the photocatalytic activity under UV and UV-Vis light excitation. Moreover, because of the presence of Au particles responding to visible light the reaction rate is enhanced due to "light penetration depth" effect.
plus island growth, have not, yet, provided the needed activity nor stability [11] [12] [13] [14] . TiO 2 is widely regarded as one of the leading candidates for solar hydrogen production because of its excellent stability. Nonetheless, TiO 2 suffers from low solar to hydrogen conversion efficiency because of high charge carrier recombination rates and limited light absorption (< 400 nm) [15] . Loading of noble metal nanoparticles such as Pt, Pd and Rh on TiO 2 is needed to improve its photocatalytic efficiency [15, 16] . The role of noble metal particles, their particle size and dispersion effect has been studied by us and others for a while [4, [17] [18] [19] [20] [21] [22] [23] [24] . Their role is, so far, understood as an electron sink to reduce charge carrier recombination rate and therefore increase H + reduction (a much slower process) to molecular hydrogen.
Over the past decade, the roles of plasmonic metal nanoparticles such as Au and Ag have come into focus as a promising technology for further improving light absorption and charge generation at the semiconductor interface [25] . These metals absorb visible light and are reported to enhance the photocatalytic activity of semiconductors [26, 27] . In that regard, Au/TiO 2 photocatalysts have been studied in various forms such as nanoparticles, core shell structures and thin films to unravel the major mechanisms involved in plasmonic photocatalysis and to provide physical explanations for enhanced activities [28] [29] [30] . In light of the many reports in literature, questions remain on the differences between the role of non-plasmonic metal, the role of plasmonic metal and ultimately what would be the best metal combination for synthesizing a practical catalyst? Due to differences in reaction, conditions conducted by different groups a clear comparison between the role of non-plasmonic metal and a plasmonic metal is not available. Differences such as BET surface area, degree of crystallinity, semiconductor crystallite size, catalyst loading inside the reactor (which affect light absorption), reactor design, can considerably affect the rates and may lead to non-conclusive results.
In this study, we have investigated the photocatalytic H 2 production activity of anatase TiO 2 upon loading plasmonic (Au) and non-plasmonic metal (Pd) nanoparticles at 0.3 wt%. We have characterized the photo-catalysts using UV-Vis absorption, BET, XPS and TEM. The powdered catalysts were coated onto glass slides and the H 2 production activity and photocurrent response were measured in 5 vol% glycerol aqueous solutions under identical light flux. For the catalytic reaction conducted at identical conditions, we have extracted the intrinsic rates and compared them. Results indicate that indeed Au plasmon increases the reaction rate for hydrogen ions reduction under visible light and consequently allows for increasing the light penetration depth.
Experimental

Catalysts Preparation
Anatase TiO 2 (commercial Hombikat UV 100 produced by Huntsman -formerly Sachtleben Chemie) with an average particle size of ~ 7 nm (measured using TEM) and initial BET surface area ~ 320 m 2 /g was impregnated with the required amount of PdCl 2 (in 1.87 M HCl) or HAuCl 4 salt solutions (0.2 M in H 2 O). The mixture was dried by evaporating excess water under constant stirring with slow heating at 80 °C. The dried catalysts were calcined at 400 °C for 4 h. The resulting catalysts had an average particle size of ~ 10-12 nm (TEM) and a BET surface area of ~ 112 m 2 /g. Microscopic glass slides were cleaned by ultra-sonication in acetone, ethanol and then DI water. The powder catalysts were dispersed in absolute ethanol (5 wt% dispersion) and spun coated onto the glass at 500 rpm for 20 s. The coatings were dried at 100 °C for 20 min before testing.
Catalysts Characterization
UV-Vis absorbance spectra of the powdered catalysts were collected over the wavelength range of 250-900 nm on a Thermo Fisher Scientific spectrophotometer equipped with praying mantis diffuse reflectance accessory. Absorbance (A) and reflectance (% R) of the samples were recorded. The reflectance (% R) data was used to calculate the band gap of the samples using the Tauc plot (Kubelka-Munk function). The Kubelka-Munk method is generally used for the analysis of diffuse reflectance spectra obtained from weakly absorbing samples. It provides a correlation between reflectance and concentration. The concentration of an absorbing species can be determined using the Kubelka Munk formula: F (R) = (1-R) 2 /2R = k/s = Ac/s, where R is reflectance, k is absorption coefficient, s is scattering coefficient, c is concentration of the absorbing species and A is the absorbance. The optical band gap of semiconductors can be determined by plotting (F(R) × E) 1/r against the radiation energy in (eV), using r = 2 for indirect allowed transitions of charge carriers (indirect band gap material) or r = ½ for direct allowed transition (direct band gap material). The resulting plot has a distinct linear regime, which denotes the onset of absorption. Thus, extrapolating this linear region to the abscissa yields the energy of the optical band gap of the material.
XPS was conducted using a Thermo scientific ESCALAB 250 Xi. The samples were prepared by attaching the powdered catalyst particles in the form of thick layer to standard XPS sample carrier block using 10 mm diameter carbon tabs. The base pressure of the chamber was typically in the low 10 −9 to high 10 −10 mbar range. Al Kα X-ray was used with a spot size of 650 µm 2 . Charge neutralization was used for all samples (1 eV). Spectra were calibrated with respect to C1s at 285.0 eV. Quantitative analyses were conducted using the following sensitivity factors with respect to F1s (1): Ti2p 3/2 (1.1), O1s (0.63), C1s (0.21) Au4f 7/2 (1.9) and Pd3d 5/2 (2) .
Transmission electron microscopy analysis of samples was performed with a Titan 80-300 ST microscope from FEI Company (Hillsboro, OR). The microscope was set to the operating voltage of 300 kV and scanning TEM (STEM) mode during the analysis. Furthermore, STEM signal was collected with a high-angle annular dark-field detector in the range of 75-200 mard to enhance atomic number (Z) contrast. In this way, STEM images were acquired at various image magnifications.
Catalysts Tests
Photocatalytic reactions were evaluated in a 145 mL volume Quartz glass reactor. 30 mL of 5 vol% glycerol aqueous solution was used and the reactor was purged with N 2 gas for 15 min to remove any O 2 prior to start the reaction. Photoreactions were carried out under UV light and UV-Vis light using a mercury lamp and Xenon lamp, respectively. The light flux was measured with a spectro-radiometer (Spectral Evolution SR-500). The total flux from the mercury lamp at 365 nm was ~ 7.62 mW/cm 2 while total flux from Xenon lamp was ~ 219 mW/cm 2 UV (320-400 nm-8.6 mW/cm 2 ) and visible (400-620 nm-211 mW/cm 2 ). Products monitoring was performed by gas chromatograph equipped with thermal conductivity detector connected to Porapak Q packed column (2 m long, 1/8 in. external diameter) at 45 °C and N 2 was used as a carrier gas (flow rate of 20 mL/min) at 8 psi. The reaction under UV light was carried out first then after the experiment the reactor was purged again and reaction was carried out under UV-Vis light. The short circuit photocurrents were measured using a two electrode setup under zero bias and from 5 vol% glycerol (in 1 M NaOH) solution. Working electrode consisted of the M/TiO 2 photocatalysts coated on ITO/glass electrodes (4 cm 2 area) with Pt as counter electrode. Figure 1a shows the UV-Vis absorption spectra for the M/TiO 2 photocatalysts measured using diffuse reflectance spectroscopy. Spectra show typical absorption from anatase TiO 2 with a band edge around 370-380 nm (E g ~ 3.2 eV) due to the charge-transfer from the valence band formed by O2p orbitals to the conduction band formed by Ti 4+ 3d t 2g orbitals. The Au/TiO 2 catalyst displayed a broad absorption feature centered at 560 nm due to the localized surface plasmon resonance (LSPR) of the Au nanoparticles on top of the semiconductor TiO 2 . On the other hand, Pd/TiO 2 does not show a discrete surface plasmon absorption in the visible spectrum because of a damping effect caused by d-d interband transitions (i.e. the plasmon energy is lost by excitation of single electron interband transitions) [31, 32] . For Pd/TiO 2 , the absorption peak centred at about 470 nm can be ascribed to electron transition from the energy level of -O-Pd-O-surface species to the conduction band of TiO 2 [33] . Tauc plots are shown in Fig. 1b (r = 2) for TiO 2 and M/ TiO 2 ; giving a gap of ~ 3.2 eV.
Results and Discussion
XPS analysis was conducted on the M/TiO 2 photocatalysts to determine the metal amount on the surface of the catalysts. Figure 1c presents XPS Au4f where Au presence is seen by the peaks centered at 84.3 and 88.0 attributed to Au4f 7/2 and Au4f 5/2 , respectively. The peak positions, spin-orbit splitting (SOS) of 3.7 eV and FWHM (Au4f 7/2 = 0.7 eV; Au4f 5/2 = 0.7) are characteristic of metallic gold [34] . In the case of Pd/TiO 2 ( Fig. 1d) , two Pd3d 5/2 peaks at 335 and 336.5 eV typical for Pd metal and PdO can be observed, respectively. The total at.% were found to be equal to 0.13% for Pd and 0.08% for Au, respectively as listed in Table 1 . Figure 1e , f show STEM images of the Au/TiO 2 and Pd/TiO 2 photocatalysts. Au particle density is less than that of Pd, which is due to its larger size. Although complete statistical counting was not possible because of the low loading we have estimated the mean particle size of Au and Pd to be ~ 3 and ~ 1 nm, respectively.
The H 2 production activities were tested using 5 vol% aqueous glycerol solutions under identical light flux and amount of catalyst to rule out the effects of scattering, reflection and light penetration depth. The reaction rates were stable and reproducible, typical of these type of catalysts (parallel catalytic tests have shown constant reaction rates on these catalysts for periods of months as long as the amount of sacrificial agent is kept constant) [35] . Figure 2a shows the H 2 production rates under UV excitation. Pure TiO 2 (without metal) does not give significant amount of hydrogen over a period of 4 h. The photocatalytic activity increases by ca. two orders of magnitude when 0.3 wt% of a metal is present. The role of metal loading in photocatalysis is still not well understood since unlike thermal catalytic reactions there is a very narrow window of concentration where it works best (typically between 0.1 and 1 wt%). The H 2 production rates under UV light was different for both metals (at identical conditions). Pd/TiO 2 catalyst was more active than Au/TiO 2 when the rates are normalized to the total amount of catalyst or to the total amount of metal (Fig. 2a, b) . This may be due to differences in the work function (WF) of Pd (5.6 eV), Au (5.3 eV) with respect to TiO 2 (4.2 eV) [19, 36] . If the role of the metal particle is as an electron sink, the H 2 production rates should depend on/relate to the WF of the metal. Yet the WF also changes with the metal particle size and this can affect the results differently. In general, the WF increases with decreasing particle size so that may slightly be in favor of the same argument since Pd particles are much smaller than Au particles.
H 2 rates per metal particle indicate that Au particles show, however, an order of magnitude more activity than Pd particles (Fig. 2c) . This is in sharp contrast to thermal catalytic reactions in general, where reaction rates usually correlate with active metal surface area and higher dispersion generally gives higher reaction rates. This result is similar to pervious study by our group comparing Pd, Pt, and Au on TiO 2 P25 [19] . If we consider the number of atoms in each particle (i.e. the rate per particle divided by the number of atoms in each particle), the H 2 production rates are almost identical (Fig. 2d) . Fig. 1 a UV Therefore, form this set of data we can say the three following observations when the catalyst is excited with UV light.
(i) The rate of hydrogen production is higher for Pd than Au based on mass, (ii) It is higher for Au than Pd based on particles number and (iii) It is very similar based on the number of metal atoms.
Next, we have tested the H 2 production activities of these photo-catalysts under identical UV-Vis light fluxes. Figure 3a, b show the H 2 production rates normalized to the weight of catalyst as well as that of metals. While the Pd/ TiO 2 catalyst showed similar activity as under pure UV light, Au/TiO 2 displayed a two-fold increase versus its activity under pure UV light. If we calculate H 2 production rates per metal particle, it is ca. 25 times per Au particle higher than per Pd particle (Fig. 3c) . Equally important H 2 production rates per Au atom are larger (ca. two times) than that per Pd atom (Fig. 3d) . The second column of Table 2 contains the XPS corrected at.% of Au and Pd. Due to the small size of metal particles (up to ca. 3 nm) all metal atoms are quantified because the escape depth of the photoelectrons excited by Al K α line (about 2 nm, which makes it possible to account for particles with diameter up to about 4 nm). In other words, when compared to UV light, excitation with UV-Vis resulted in reaction rate that are This result is different from our earlier reports on M/ TiO 2 systems, where the catalysts where tested under only UV light [17, 19] . This difference can be linked in part to plasmonic effect of Au; responding under visible light irradiation. Further data analysis is provided upon normalization of the reaction rates by the light flux (Fig. 4) , Au/TiO 2 now performs (per unit mass) as good as Pd/TiO 2 . Lastly, we also carried out photoreactions under pure visible light (400-630 nm) but only traces of hydrogen could be detected. This suggests that Au nanoparticles alone cannot make the H + ions reduction to molecular hydrogen i.e. both the semiconductor (TiO 2 ) and the plasmonic metal (Au) need to be excited to see an enhancement in H 2 production rates. Another important point to extract from this result is that increasing particle density does not translate into increasing reaction rate, even though the reaction occurs at the interface metal/semiconductor.
To further investigate the contribution of Au in improving the photocatalytic activity we measured the short-circuit photocurrents under zero applied bias voltage for the different catalysts. Exact amounts of catalysts were coated onto ITO/glass substrates. The electrolyte used was 1 M NaOH with 5 vol% glycerol and a Pt wire was used as the counter electrode. Figure 5a presents the photocurrent measured 
(d)
UV under pulsed UV light irradiation at 30 s intervals. We observe a slight decrease in photocurrent with M/TiO 2 catalysts when compared to pure TiO 2 . This behavior has been reported earlier by other researchers [37] [38] [39] . This might be linked to two competing reactions: (1) the increase in the measured current due to excited electrons within the semiconductor upon UV irradiation and (2) H + reduction due to the presence of the metal which in turn resulted in decreasing the measured current (pumping away the excited electrons). Figure 5b shows the photocurrent measured under visible light irradiation and only Au/TiO 2 showed some photocurrent activity (which is about 2% of that under UV); in line with the marginal catalytic activity measured under visible light only. Thus while Au improves the measured photocurrent under visible light these electrons cannot result in molecular hydrogen production since the catalytic cycle is not closed; no holes are formed in the VB of TiO 2 . In other words, electron injection from the sacrificial agent (glycerol) into the VB of TiO 2 cannot happen unless the TiO 2 is photoexcited. The photocurrent response under a combination of UV-Vis light is shown in Fig. 5c . In this case, all catalysts exhibited considerable photocurrent activity yet, Au/TiO 2 showed the highest photocurrent. To summarize this section we observed three behaviors. had a slightly more current response than Pd/TiO 2 because in this case both electrons due to SPR of Au and due to TiO 2 band gap excitation contribute into the current. To further probe into the role of Au in the reaction and knowing that visible light has a longer penetration depth (~ 200 nm at excitation with 350 nm and increasing to 500 nm at excitation with 550 nm for example) than UV light into the semiconductor TiO 2 , we have increased the thickness of the photo-catalyst coatings until we reached saturation in the amount of H 2 produced. Figure 6a shows the H 2 production rates (mol/g Catal /min) under UV light excitation where we observe a drop in activity as a function of thickness of the coatings (note that the total amount of hydrogen increases). This is expected because with increasing thickness fewer photocatalyst nanoparticles absorb light. Both Au/TiO 2 , Pd/TiO 2 show similar behavior. A similar set of experiments was conducted under UV-Vis light excitation. Figure 6b also shows the drop in H 2 rates (mol/g Catal / min) as a function of thickness of the coatings. Yet, the drop in reaction rates is different for the two metals. The decrease was nearly linear in the case of Au, while it still showed an exponential (or second order polynomial) decay for Pd. Also shown in the figure for further comparisons, the same results for an Au-Pd (0.3 wt% each); the effect of Au on the reaction rate was still present. These results indicate that one can produce more hydrogen molecules per exposed unit area due to the presence Au metal nanoparticles when using UV-Vis light. The most logical reason would be the effect of light absorption, the Au nanoparticles, absorbing visible light, would be excited in deeper layers because of the difference in light penetration depth (weaker photons penetrates deeper into the semiconductor). To further confirm that there is indeed an enhancement of the reaction rate under UV-Vis when compared to UV alone, Fig. 7 shows an experiment for Au/TiO 2 where the reaction was first conducted under UV-Vis for the first 168 min then under UV light without purging the reactor. The initial slope 2.8 × 10 −4 mol/g Catal / min decreased to ca. 10 −4 mol/g Catal /min. One may link this increase to increasing reaction temperature due to visible light effect since the one used is relatively intense (ca. 200 mW/cm 2 in the 400-600 nm range, which is 3-4 times higher than that of sun light). Indeed increasing reaction temperature by few degrees can be achieved using visible light at the plasmon absorption threshold of Au nanoparticles (and other plasmonic nanoparticles) but the excitation energy needed for this to have an effect on reaction kinetics would be in the multiples of W/cm 2 (typically conducted by laser light) [40, 41] ; far above the one used in this study. This almost three times decrease in the reaction rate is a clear indication for the enhancement of the rate due to Au particles. No change in the reaction rate is seen when using Pd/TiO 2 instead of Au/TiO 2 . The effect of LSPR of Au on the photocatalytic reactions has been studied by many workers including us in some details elsewhere and in this particular case may be linked to both near field effect or to hot electrons [28, [42] [43] [44] [45] . Yet, the important point to take from this study is that these alone are not poised to generate hydrogen in large amounts in the absence of the needed light frequency to excite the semiconductor (in this case UV light for TiO 2 ).
Conclusions
We have investigated the role of plasmonic and non plasmonic metal co-catalysts (Au and Pd) loaded on TiO 2 for photocatalytic hydrogen production from water-glycerol mixtures. We analyzed the activity as a function of metal loading, number of metal atoms to decouple Schottky from plasmonic effects. The catalysts were tested both under UV and visible light. We observed that under UV light the activity of Pd and Au metals was similar and noted that the activity is only weakly dependent on their WF. On the other hand under UV-Vis light, the Au metal had larger effect than Pd due to combined Schottky and plasmonic effects. We also observed that both the semiconductor and plasmonic metal need to be excited to see an enhancement in the hydrogen production due to plasmonics. Furthermore, we found evidences that Au particles increase light penetration depth; for thick coatings and under UV-Vis light, Au is observed to be ~ 2× more active than Pd. 
